A novel type of auditory responses: temporal dynamics of 40-Hz steady-state responses induced by changes in sound localization. J Neurophysiol 100: 1265-1277, 2008. First published July 16, 2008 doi:10.1152/jn.00048.2008. Magnetoencephalographic responses to 40-Hz amplitude-modulated tones of 4-s duration were recorded in young, middle-aged, and older healthy participants. Interaural phase difference (IPD) in the sound carrier was changed during stimulus presentation from 0 to 180°, resulting in perceptual change from focal to spacious sound. The stimulus modulation elicited synchronized gamma-band oscillations, the 40-Hz auditory steady-state response (ASSR). Equivalent current dipoles were localized in primary auditory cortices. Waveforms of cortical activity showed a decrement in ASSR amplitude 100 ms after stimulus IPD change and modification of ASSR phase, which was maximally 90°, corresponding to 6-ms delay. Time courses of ASSR phase deviation constituted a novel auditory response. The amount of ASSR phase change decreased with increasing stimulus frequency and revealed upper limits for physiological IPD detection. Thresholds for IPD detection were found close to 1,500 Hz in the young, around 1,250 Hz in the middle-aged group, and around 1,000 Hz in the older group. Whereas the ASSR change response revealed aging-related decline of binaural hearing, the amplitude of 40-Hz response and the size of the ASSR change response were not affected by aging. Additional ASSR change responses were recorded at a high rate of stimulus changes every 400 ms. ASSR response detection at this rate was superior to response detection based on the auditory-evoked P1-N1-P2 response. Responses to changes from focal to spacious sound were larger than those in the reverse direction. The ASSRs were interpreted in relation to oscillatory gamma-band activity representing auditory object representation.
I N T R O D U C T I O N
Binaural hearing enhances the signal-to-noise ratio in a multispeaker environment because the ability to localize sound in space helps to separate relevant speech from competing noise Hawley et al. 2004) . Deficits in binaural hearing may decrease the ability of elderly subjects to understand speech in noisy environments or with multiple simultaneous speakers. Recently, we recorded auditory-evoked responses to changes in the interaural phase difference (IPD) of pure tones to study how aging affects binaural hearing (Ross et al. 2007a) . The stimuli were amplitude-modulated (AM) tones of 4-s duration. During the first 2 s the same sounds were presented to both ears (diotic stimulation) and for the second half the sounds in both ears were of opposite polarity (dichotic stimulation). The IPD change from 0 to 180°was perceived as sound originating from a single source in the center of the head, switching to sound that was diffusely localized around the head. The IPD change elicited an initial positive-sharp negative-slow positive (P1-N1-P2) wave similar to the sound onset response in the magnetoencephalographic (MEG) recorded auditory-evoked responses (AEFs). According to the duplex theory of binaural hearing only frequencies Շ1,500 Hz contribute to binaural hearing based on IPD (Stevens 1936) . A corresponding physiological threshold close to 1,250 Hz was found in recording of AEF to IPD changes at various carrier frequencies in young subjects (Ross et al. 2007b ). Physiological and behavioral thresholds for IPD change detection were lower in older subjects and the effect was already significant in the middle-aged group (Ross et al. 2007a) .
To keep sudden changes in the stimulus phase from being perceived as a click-like sensation, we used an AM stimulus and changed the phase at the minimum amplitude (Fig. 1) . Although the AM was otherwise irrelevant to IPD change detection, the modulation frequency of 40 Hz was chosen to evoke auditory steady-state responses (ASSRs) of maximal amplitude (Galambos et al. 1981; Picton et al. 2003; Purcell et al. 2004; Rees et al. 1986; Ross et al. 2000) . In previous studies we found that the ASSR was strongly modulated by changes in the periodicity of the AM sound stimulus or in the presence of an interfering stimulus (Ross et al. 2005b) . The hypothesis for the current study was that IPD changes-i.e., sudden changes in a spatial cuewould cause similar desynchronization of the ASSR as it had been observed with an interfering stimulus. The sensitivity of the 40-Hz ASSR to stimulus changes might be advantageous compared with the transient P1-N1-P2 waves of the AEF in clinical applications and neuroscience research. Therefore previously reported data (Ross et al. 2007a,b) were analyzed with respect to the ASSR. Having found that the ASSR was as sensitive as the AEF for changes in spatial location, an additional experiment has been conducted to optimize stimulus presentation rates.
M E T H O D S
study, which was approved by the Research Ethics Board at Baycrest Centre.
Sinusoidal amplitude-modulated tones of 4.0-s duration were presented for auditory stimulation with onset asynchrony uniformly randomized between 7.5 and 8.5 s (Fig. 1A) . At 2.0 s after stimulus onset, sudden phase shifts in the carrier signal of ϩ90°in the left ear and Ϫ90°in the right ear, equivalent to 180°IPD change, were introduced (Fig. 1B) . To prevent the subject from perceiving a discontinuity in the sound at the moment of the phase shift, the tones were amplitude modulated and the phase shift was set to occur at the minimum point of modulation (Fig. 1C) . Note that the time course of the AM envelope was not affected by the carrier phase change. The stimulus carrier frequencies were 375, 500, 750, 1,000, 1,250, and 1,500 Hz, corresponding to ITDs of 1.33, 1.0, 0.66, 0.5, 0.4, and 0.33 ms, respectively, since the phase shift was always half a period. Four frequencies out of the set were presented in each group, which were 500, 1,000, 1,250, and 1,500 Hz for the young; 500, 750, 1,000, and 1,250 Hz for the middle-aged group; and 375, 500, 750, and 1,000 Hz for the older group. The frequencies were chosen according to the hypothesis that binaural performance would decrease with increasing age. The stimulus intensity was set 60 dB above individual sensation thresholds, which were measured immediately before each MEG recording. One hundred stimuli with the same carrier frequency were presented in each experimental block of 13-min duration and each block was repeated once. MEG responses to two stimulus frequencies could be recorded in a session of 1-h duration. In the first session 500 and 1,000 Hz were tested, which were the stimulus frequencies common to all age groups. The other frequencies were tested in the second session on the following day or later, with no more than 2 wk between both sessions. Stimuli were presented through Etymotic ER3A transducers connected with 1.5 m of length-matched plastic tubing and foam earplugs to the subject's ears. Plastic tubing of such length was required because the sound transducers had to be placed at a sufficient distance from the MEG sensor to avoid any interference between the stimulus signal and the recorded brain activity. Below 2,000 Hz the frequency characteristic of the sound transmission system was relatively flat (Ϯ6 dB) and the phase characteristic was linear. The phase relation between acoustical signals at both earplugs was checked using a 2-cm 3 coupler. Since insert earphones typically provide interaural attenuation of Ͼ75 dB at the frequencies used in this study, no effects of interaural cross talk were expected.
MEG recording and data analysis
MEG recordings were performed in a quiet, magnetically shielded room using a 151-channel whole-head neuromagnetometer (VSMMedtech, Port Coquitlam, BC, Canada). The detection coils of this MEG device are almost equally spaced on the helmet-shaped surface and are configured as axial first-order gradiometers (Vrba and Robinson 2001) . After low-pass filtering at 200 Hz, the magnetic field data were sampled at the rate of 625 Hz and stored continuously. MEG data were collected during passive listening, meaning that the subjects did not need to attend to the stimuli or execute a task. To control for confounding changes in vigilance, the subjects watched a closed-captioned movie of their choice, while the auditory stimuli were being presented. Compliance was verified using video monitoring. The subjects were in supine position with the head resting inside the helmet-shaped MEG sensor. The position of the MEG sensor was coregistered to the subject's head using three detection coils attached to the nasion and the left and right preauricular points. Head movements were verified to be Ͻ8 mm during each recording block. No data had to be rejected because of excessive head movements.
Each block of continuously recorded MEG data were subdivided into 100 stimulus-related epochs of 6,000-ms duration including 1,000-ms pre-and poststimulus intervals. For artifact rejection, a principal component analysis was performed on each epoch of magnetic field data. Principal components, which exceeded the threshold of 2 pT in at least one channel, were subtracted from the data. This procedure removed artifacts primarily related to dental metal and eye blinks, which are substantially larger than the brain activity. After artifact removal, the magnetic field data were averaged across epochs. To further increase the signal-to-noise ratio for the ASSR source analysis, the waveforms were averaged across all periods of the ASSR oscillation. Therefore the response waveforms in seventy 50-ms intervals from 300 to 350 ms, 325 to 375 ms, and so on to the interval from 1,950 to 2,000 ms were averaged and the same procedure was applied to the postchange stimulus data in the time interval from 2,300 to 4,000 ms. Source analysis was applied to the resulting averaged waveforms based on the model of spatiotemporal equivalent current dipoles (ECDs) in a spherical volume conductor. Single dipoles in both hemispheres were fitted simultaneously to the 151-channel magnetic field distribution. First, the data were modeled with a mirrorsymmetric pair of dipoles. The resulting source coordinates were the starting points to fit the dipole in one hemisphere, whereas the coordinates in the other hemisphere were kept fixed. The last step was repeated with switching between hemispheres until the source coordinates showed no further variation. Dipole fits were accepted if the calculated field explained Ն90% of the variance of the measured magnetic field and if the SD obtained from repeated measurements was Ͻ8 mm in any Cartesian coordinate. Sixteen estimates for the dipole locations were obtained for each subject at each of the four stimulus carrier frequencies and for each of the time intervals before and after the IPD change and two repeated measurements. Locations of ASSR sources in the head-based coordinate system were compared with locations of corresponding N1 sources using paired t-tests. Differences were accepted as significant on the ␣ ϭ 0.05 level.
The median of spatial ASSR coordinates and orientations were used as individual source models, based on which ASSR source waveforms were calculated. This procedure of source space projection (Ross et al. 2000; Tesche et al. 1995) combined the 151-channel magnetic field data into two waveforms of cortical source strength. The advantage of analysis in source domain is that the dipole moment is independent of the sensor position. The position of the MEG sensor relative to the subject's head may change between sessions and between subjects. This may cause spatial dispersion in group-averaged magnetic field waveforms. In contrast, the waveforms of cortical source activity can be combined across repeated sessions and groups of subjects.
In an additional experiment for testing the effects of shorter interstimulus interval (ISI), the stimulus was modified so that eight IPD changes occurred in the AM sound of 4-s duration. These changes began 800 ms after stimulus onset and then recurred every 400 ms. The stimulus onset asynchrony was shortened to 5.0 s, resulting in 10-min recording time for a block of 120 stimuli. Six stimulus frequencies-500, 1,000, 1,100, 1,200, 1,300, and 1,400 Hz-were tested in a single 1-h MEG recording session. Epochs of MEG data of 800-ms length, including a 200-ms prestimulus interval, related to the time points of IPD change were averaged. Source analysis was performed on the ASSR and the P1 wave of the AEF and source waveforms of AEF and ASSR were calculated.
Three different physiological responses related to the IPD changes were obtained from the MEG data, which were stimulus-induced changes in the ASSR amplitude, the ASSR phase, and the AEF. For this data analysis, single-trial source waveforms were convolved with complex Morlet wavelets of 40-Hz center frequency and 80-ms half-intensity width (Bertrand et al. 1994) . This resulted in a measure of the complex 40-Hz amplitude as a function of time. Sine and cosine of the ASSR phase at distinct time points were obtained by dividing the complex amplitude by its absolute value. Sine and cosine of single-trial phases were averaged across all trials. The inverse tangent of the mean sine and cosine terms equals the mean phase and the geometric mean (the vector length) of the mean sine and cosine terms equals the measure of phase coherence (Fisher 1993) . Differences in mean phase between post-and prestimulus times were tested as an indicator for stimulus-induced changes in the ASSR phase. For all single trials the 40-Hz phase was measured at pre-and poststimulus times using the Morlet wavelet transform. A nonparametric test for differences in the distributions of pre-and poststimulus phases was based on the circular rank (Fisher 1993) . ASSR amplitude differences were tested by applying a t-test to the difference between the squared amplitudes of pre-and poststimulus ASSRs, represented by the same wavelet coefficients as used for the ASSR phase.
AEFs were detected in individual subjects after Morlet wavelet transform of single-trial data and wavelet coefficients in the 3-to 10-Hz and 0-to 300-ms time-frequency range were tested with the Rayleigh test (Fisher 1993 ; for details see Ross et al. 2007b 
ASSR sources
The group mean ASSR source locations relative to the N1 sources are given in Fig. 2 . No significant differences between the age groups were found for the ASSR sources. However, ASSR sources were 8.0 mm more medially located than N1 sources in the left hemisphere [t(34) ϭ 7.9, P Ͻ 0.001] and 7.8 mm in the right hemisphere [t(34) ϭ 9.6, P Ͻ 0.001] and were located slightly more anterior than N1 sources [left: 2.2 mm, t(34) ϭ 2.1, P Ͻ 0.045; right: 2.3 mm, t(34) ϭ 2.4, P Ͻ 0.02] and more superior in both hemispheres [left: 4.0 mm, t(34) ϭ 3.9, P Ͻ 0.001; right: 2.6 mm, t(34) ϭ 2.9, P Ͻ 0.007]. Like N1 the ASSR sources showed a significant hemispheric asymmetry with 6.0 mm more anterior location in the right hemisphere [t(34) ϭ 6,8, P Ͻ 0.001].
Auditory-evoked responses
Clear auditory-evoked responses were obtained for all subjects, age groups, and stimulus conditions. The example of cortical source waveforms for a young subject at 500-Hz stimulus frequency in Fig. 3 showed a P1-N1-P2 response after stimulus onset, a second one after the IPD change at 2 s, and an off-response after stimulus decay. In addition, two response types continuing for the duration of stimulus presentation became obvious, which were the sustained response, expressed as negative shift in the waveform, and the oscillating ASSR. The ASSR amplitude stayed almost constant over the entire duration of stimulus presentation with a noticeable exception of a short interval of amplitude decrement immediately after the IPD change, likely in reaction to the stimulus change. Group mean locations of equivalent current dipoles for the auditory steadystate response (ASSR) and sharp negative (N1) response for the 3 age groups. The error bars denote the 95% confidence intervals for the group mean in any direction. The inset depicts the head-based coordinate system with the x-axis running from nasion to the midpoint between left and right preauricular points, the y-axis from right to left in the plane defined by the 3 fiducials, and the z-axis in inferior to superior direction. Main effects of more anterior and more medial sources of ASSR compared with N1 were common to the 3 age groups.
Grand-averaged ASSR waveforms
Grand-averaged waveforms across the 12 young subjects are shown in Fig. 4 for all stimulus frequencies. The ASSR decrement following the IPD change, clearly visible at 500 Hz, however, was strongly reduced at 1,000 Hz and no longer visible at 1,250 and 1,500 Hz. If the modification of the ASSR amplitude would be a reasonable indicator of a physiological reaction to the IPD change, a threshold close to 1,500 Hz would be expected. However, the amplitude effect diminished far below 1,500 Hz. Whereas the ASSR amplitude showed dependence on IPD changes with declining effect size versus increasing stimulus frequency, the ASSR amplitude seemed not to be as sensitive for indicating the stimulus change as the N1 wave of the evoked response shown for the same data (Ross et al. 2007b) .
ASSR phase deviation
Figure 5 provides a closer view of the grand-averaged ASSR waveform in the time interval around the IPD change in the young group at 500 Hz. The ASSR amplitude decreased immediately after the IPD change at 2.0, reached its minimum at latency of about 100 ms, and recovered over the following 200 ms to the steady-state value. For comparison, a sine wave representing the stimulus AM was overlaid to the ASSR waveform with the phase adjusted to the ASSR phase in the steady-state interval, thus compensating for constant time delay between stimulus and response. After the stimulus change, the ASSR began to lag behind the ongoing AM, as indicated by zero crossings of the stimulus AM signal being advanced compared with zero crossings of the ASSR. The amount of time lag increased over time, reached a maximum after about 140 ms, and decayed slowly. At about 500 ms after the stimulus change the ASSR phase had completely returned to its steady-state value. The waveforms in Fig. 5B also demonstrate that the total number of cycles in the ASSR equals the number of cycles in the stimulus and no cycle was missed in the response. The time course of the amount of time lag between response and stimulus ( Fig. 5C ) shows the largest time difference of 6 ms at 140 ms after the stimulus change. Given the . Grand-averaged ASSR waveforms. The amplitude decrement after IPD change is visible in the 500-Hz response, hardly detectable at 1,000 Hz, and absent at higher frequencies. modulation frequency of 40 Hz, the time lag can be expressed as phase lag, and the maximum of 6 ms corresponds to about 90°or a quarter period of the 40-Hz AM.
The phase relation between ASSR and the 40-Hz modulation of the stimulus had been analyzed for the whole stimulus duration. The resulting time course of ASSR phase deviation (Fig. 6A ) exhibited a phase lag after the stimulus onset similar to that observed after he stimulus change. The overlay of the two time courses of phase deviations after stimulus onset and stimulus change on an enlarged timescale in Fig. 6B showed that the return of ASSR phase after the IPD change resembled almost perfectly the ASSR phase after stimulus onset.
Possible effect of phase shift in the stimulus carrier
That the ASSR phase deviation was induced by IPD change and not by phase shift in the stimulus carrier had been demonstrated with a control condition in a single subject. A carrier phase shift of 180°was introduced in same direction for both ears in a modified 500-Hz stimulus. Thus despite the carrier phase shift the IPD did not change. AEF waveforms for both stimulus conditions (Fig. 7A) showed almost identical onset, sustained, and offset responses. However, the P1-N1-P2 change response was visible in case of change from diotic to dichotic stimulation only. Accordingly, the ASSR phase deviation occurred only when the stimulus phase shift constituted an IPD change but not in the case of a simultaneous phase shift in both ears (Fig. 7B) .
Effects of stimulus frequency and age on ASSR phase deviation
Time courses of phase deviation obtained from the grandaveraged ASSR are shown for the three age groups and all stimulus frequencies in Fig. 8A . The graph of phase deviation at 500 Hz in the young group was already shown in Figs. 5 and 6. At a stimulus frequency of 1,000 Hz a similar time course of phase deviation had been observed, although with a smaller effect size. At the higher stimulus frequency of 1,250 Hz the effect of stimulus change-induced phase deviation was even less expressed and no longer visible at 1,500 Hz. Thus for the group of young subjects, a physiological threshold between 1,250 and 1,500 Hz could be accepted from visual inspection of the phase deviation time courses. In the middle-aged group the ASSR phase deviation showed a maximum of size similar to that in the young group at 500 Hz and the effect reduced progressively when the stimulus frequency increased to 750 and 1,000 Hz. Even at the highest test frequency of 1,250-Hz, small ASSR phase deviation might be visible, indicating a threshold close to 1,250 Hz. Consistently, in the group of older subjects, maximum phase deviation was on the order of 90°at the lowest stimulus frequencies of 375 and 500 Hz. The effect size decreased at higher frequencies with threshold close to 1,000 Hz. The overlay of phase time courses in Fig. 8B demonstrates an almost identical phase deviations for the three age groups at 500 Hz.
One observation from the time courses of phase deviation in Fig. 8A was that even though the effect size decreased with increasing stimulus frequency, the latency of the maximum effect was consistently around 150 ms. Thus for quantitative analysis, the amount of phase deviation at 150 ms after IPD change was measured in all individual subjects. The ANOVA Phase Deviation (Deg) A: time courses of ASSR phase deviation for the 3 age groups and all carrier frequencies. The P values below each graph resulted from a t-test on the group mean phase deviation at 150 ms after stimulus change. Significant ASSR phase deviations were observed Յ1,250 Hz in the young, Յ1,000 Hz in the middle-aged, and Յ750 Hz in the group of older subjects. B: overlay of the phase characteristics for the three age groups at 500 Hz.
with the stimulus frequency as a within-group factor (two levels, 500 and 1,000 Hz) and the age as a between-groups factor revealed a main effect of stimulus frequency [F(1,62) ϭ 49.5, P Ͻ 0.0001], no effect of age [F(1,62) ϭ 2.4], and a significant interaction between stimulus frequency and age [F(1,62) ϭ 15.5, P Ͻ 0.0003]. With respect to the effect of frequency, a paired t-test showed significantly smaller phase deviation at 1,000 compared with 500 Hz in the young [t(11) ϭ 2.36, P Ͻ 0.04], the middle-aged [t(10) ϭ 8.52, P Ͻ 0.0001], and the older group [t(9) ϭ 7.28, P Ͻ 0.0001]. The interaction between stimulus frequency and age resulted from different phase deviation between groups at 1,000 but not at 500 Hz. For 1,000 Hz, a t-test with unequal sample size revealed a significant difference between the ASSR phase deviations in the older compared with the middle-aged group [t(19) ϭ 2.25, P Ͻ 0.02] and the older compared with the young group [t(20) ϭ 3.9, P Ͻ 0.0004]; however, there was only a tendency to different values between young and middle-aged group [t(21) ϭ 1.6, P Ͻ 0.062], whereas nonparametric Wilcoxon rank-sum tests showed significance for the difference between young and middle-aged (P Ͻ 0.029), middle-aged and older (P Ͻ 0.026), and young and older group (P Ͻ 0.0008). At 500 Hz parametric and nonparametric tests did not show significant differences between age groups.
Group mean phase deviations at 150-ms latency and corresponding 95% confidence intervals are summarized in Fig. 9 , in which the characteristics of mean phase deviations were approximated by quadratic functions of the stimulus frequency for each group. The intersection of such approximation with the x-axis could be interpreted as threshold, indicating the stimulus frequency below which the IPD change induced a phase deviation in the ASSR. The threshold was around 1,500 Hz in the young group, 1,250 Hz in the middle-aged group, and 1,000 Hz in the older group. The significant differences at 1,000 Hz stimulus frequency and the approximated physiological thresholds indicate that the frequency range for IPD processing decreased with increasing age, and this effect commenced in midlife.
Effects of age, stimulus frequency, and hemisphere on the ASSR amplitude
ASSR amplitudes were measured and compared between stimulus conditions and age groups to investigate possible effects of aging on the ASSR-generating neural system. ANOVA was performed for the ASSR amplitudes recorded with stimulus frequencies of 500 and 1,000 Hz, which were common for all age groups. The ANOVA revealed main effects of the stimulus frequency [F(1,126) ϭ 40.99, P Ͻ 0.0001] and hemisphere [F(1,126) ϭ 44.5, P Ͻ 0.0001]. The subject's age had no significant effect on the ASSR amplitude [F(2,126) ϭ 1.64]; however, an interaction between age and frequency was significant [F(2,126) ϭ 4.64, P Ͻ 0.012] because the amount of ASSR amplitude decrease with increasing frequency was different in the three age groups (Fig. 10A) . ASSR amplitude decreased between 500 and 1,000 Hz in the young group by 29.8% [t(11) ϭ 3.92, P Ͻ 0.0025], in the middle-aged group by 24.5% [t(11) ϭ 4.97, P Ͻ 0.0005], and in the older group by 6.5% (not significantly different from zero). ASSR amplitudes were larger in the right than in the left auditory cortex, as expressed by laterality indices, which were calculated as amplitude differences between right and left hemispheres, normalized by the sum of left and right amplitudes (Ross et al. 2005a ). The right hemispheric dominance was significant for all subjects at all frequencies, except at 1,000 Hz in the middle-aged group (Fig. 10B) .
Effects of rapid rate of IPD change
The stimulation was initially optimized for recording the P1-N1-P2 waves of the AEF with long time intervals between stimulus onset and change (2 s) and between subsequent stimulus onsets (8 s) to minimize the interactions between onset and change AEF. Because of shorter refractory time of 40-Hz ASSR, shorter intervals between subsequent IPD changes could be accepted, which resulted in a noticeable reduction of the measurement time. The effect of shortened ISI was studied in an additional experiment. Given the time course of ASSR phase deviation with maximum effect at 150 ms and about 250 ms time for recovering the steady state, Ն400-ms distance between subsequent stimulus changes was required. Thus, the stimuli for testing a rapid rate of IPD changes were 40-Hz AM tones of 4-s duration that contained eight IPD changes every 400 ms, beginning 800 ms after stimulus onset. The silent interval between the sounds was reduced to 1.0 s. Responses to six different stimulus frequencies could be recorded within a single 1-h MEG session, whereas two 1-h sessions for each subject were required for studying four frequencies in the original experiment.
Grand-averaged responses to the stimulus sequence at 500 Hz are shown in Fig. 11 . Wide-band filtered responses consisted of superimposed AEF and ASSR, like the waveforms shown in Fig. 3 . AEF and ASSR were separated by 24-Hz low-pass and 28-to 56-Hz band-pass filtering, respectively. The AEF waveform exhibited a P1-N1-P2 complex after stimulus onset, a negative-going sustained response continuing during the whole interval of stimulus presentation, and an offset response after stimulus decay. AEF change responses appeared overlaid to the sustained response after 800 ms and repeatedly every 400 ms. Noticeable response asymmetry de- . Group mean ASSR phase deviation measured at 150 ms after stimulus change for all frequencies and the 3 age groups. The error bars denote the 95% confidence intervals for the group means. For each age group the characteristics of ASSR phase deviation vs. stimulus frequency was approximated by a quadratic function of frequency.
pending on the direction of IPD change became obvious from the AEF waveform in Fig. 11B . Responses to changes from diotic to dichotic sound showed a pronounced P1-N1-P2 complex, whereas the N1 wave was almost absent in the response to reversed IPD changes. The time series of the ASSR consisted of 40-Hz oscillations with almost constant amplitude for the duration of the stimulus. However, amplitude decrements were visible after each IPD change in the stimulus (Fig. 11C) .
Group-averaged waveforms of responses to rapid IPD changes at all test frequencies are summarized in Fig. 12 . Responses had been averaged according to stimulus changes in the same direction. Thus time 0 in the grand-averaged responses corresponded to samples at 800, 1,600, 2,400, and 3,200 ms in the original waveform (Fig. 11) . The averaged evoked responses are shown in Fig. 12A . The 500-Hz waveform exhibited clear P1-N1-P2 waves for the first response, elicited by a stimulus transition from diotic to dichotic sound. The second response after the reversed stimulus change from dichotic to diotic sound at 400 ms showed a P1 wave of similar amplitude as the first response, albeit a strongly reduced N1 response. Thus the second AEF resembled a single positive wave as the combined effect of P1 and P2 waves. The strongest difference in configuration of the AEF shown for long ISI in Figs. 3 and 7 and for rapid changes in Fig. 12A was the largely reduced N1 amplitude. However, a clear P1-N1-P2 wave could be observed Յ1,200 Hz for the stimulus change from diotic to dichotic sound.
Time courses of ASSR phase at 500 Hz (Fig. 12B) showed the strongest deviation of about 50°at 150 ms after the stimulus change from diotic to dichotic sound and 32°for change in the reversed direction. This response asymmetry was The 95% confidence intervals for the group means are smaller than in the characteristics on the left because the between-subject variance has been removed. The significance levels for the hemispheric differences are indicated by asterisks (*: ␣ ϭ 0.05, **: ␣ ϭ 0.01, ***: ␣ ϭ 0.001, n.s., not significant). At 800 ms the IPD changes from 0 to 180°a nd the left and right ear sounds are out of phase for 400 ms. IPD phase changes occur every 400 ms until the end of the 4-s stimulus. A: wide band (0 -120 Hz) filtered response. B: the 24-Hz low-pass filtered response shows a P1-N1-P2 complex after the stimulus onset and for the stimulus transitions from "in-phase" to "out-of-phase" sound. The responses to IPD changes in reverse direction show a P1 wave, although a strongly reduced N1 wave only. C: bandpass filtering at 28 to 56 Hz extracted the ASSR waveform. The ASSR time series exhibits amplitude decrements after all stimulus changes. significant across the group [t(17) ϭ 6.8, P Ͻ 0.001]. The amount of phase deviation and the response asymmetry decreased with increasing frequency. Amplitude changes (Fig.  12C ) were strongest at 500 Hz with 45% amplitude decrement for the first response and 35% to stimulus change in the reversed direction. Mean latencies were around 100 ms, i.e., earlier than the maximum phase deviation at 150 ms. The amplitude effect was reduced to about one third of the size at 500 Hz at 1,000 Hz and no longer different from baseline fluctuations at Ն1,200 Hz.
Characteristics of the group mean values of ASSR phase deviation, ASSR amplitude decrement, and the AEF amplitude as a function of the stimulus frequency are shown in Fig. 12 , D-F. The measure of AEF amplitude was significant for frequencies Յ1,200 Hz, the ASSR phase Յ1,200 or 1,300 Hz, and the ASSR amplitude Յ1,000 Hz. Although all three characteristics established a threshold in the 1,000-to 1,300-Hz range, the ASSR phase showed the steepest slope toward the threshold. Likely, the threshold could be more robustly determined when using the ASSR phase than an AEF amplitude measure.
Proportions of individuals in whom a change response could be detected indicated the performance in threshold detection using different response measures. At the lowest stimulus frequency of 500 Hz, AEF and ASSR phase deviations were detected in all subjects, whereas ASSR amplitude was significant in only 10 of 18 subjects. The McNemar test revealed superior response detection using ASSR phase compared with amplitude (P Ͻ 0.004). At 1,000-Hz stimulus frequency ASSR phase deviations were found in 14 individuals compared with ASSR amplitude changes in 6 (P Ͻ 0.012) and AEF in 8 subjects (P Ͻ 0.016). At 1,100 Hz individual response detection was significant in 7, 1, and 5 subjects for the ASSR phase, ASSR amplitude, and the AEF, respectively. In two subjects the ASSR phase deviation was significant at 1,200 Hz, but in none at 1,300 and 1,400 Hz. Response detection based on the AEF or ASSR amplitude was not significant in any subject at frequencies of 1,200 to 1,400 Hz.
D I S C U S S I O N
The main result of the study was that IPD changes in 40-Hz AM sound induced desynchronization of ongoing ASSR, which was expressed as a decrease in amplitude and delayed phase. Time courses of ASSR phase deviation established a new type of auditory change response. The ASSR change 12. Time courses of ASSR change and corresponding AEF at 6 stimulus frequencies. Time zero corresponds to the stimulus change from same sound at both ears (0°IPD, diotic sound) to sounds of opposite phase (180°IPD, dichotic sound) and 0.4 s corresponds to the stimulus change in reverse order. A: averaged waveform of stimulus change evoked responses. B: time courses of ASSR phase deviation averaged across all subjects (n ϭ 18) and all occurrences of IPD change. C: time courses of stimulus change induced amplitude decrement in the ASSR. For all 3 measures asymmetric responses with respect to the direction of stimulus change are obvious. D: characteristics of the group mean AEF amplitude, measured between P1 and N1 peak for the response to the change from diotic to dichotic stimulus, as a function of the stimulus frequency. The error bars denote the 95% confidence intervals for the group mean. E: characteristics of the group mean of ASSR phase deviation at latency of 150 ms after the stimulus change as function of the stimulus frequency. Shown are the characteristics for stimulus changes in both directions. F: corresponding characteristics of the amount of ASSR amplitude decrement at 100-ms latency.
response robustly reproduced previous results of the effects of stimulus frequency and age on the AEF in response to IPD changes, although slightly higher threshold frequencies were found here. ASSR change responses could be recorded at a rapid stimulus presentation rate and showed a response asymmetry with the greatest effect when the stimulus changed from diotic to dichotic sound. Furthermore, measuring 40-Hz ASSR in subjects over a wide age range gave insights into the possible effects of aging on the ASSR. The discussion focuses on the nature of the observed responses and its application in studying the effect of aging on IPD detection.
Origin of the 40-Hz ASSR
Despite small amplitudes, ASSRs could be reliably recorded with MEG. Underlying sources were modeled with single equivalent current dipoles in left and right hemispheres and were compared with the sources of simultaneously recorded N1 responses. The finding of more medial and more anterior located ASSR sources compared with N1 is consistent with an earlier MEG study (Herdman et al. 2003) . The N1 response results from multiple sources with the strongest contribution from lateral parts of Heschl's gyrus and the planum temporale, as previously shown from intracranial and MEG recordings in the same patients (Godey et al. 2001) . Single equivalent sources in MEG represent the center of gravity of such source configuration and had been localized in several studies in the planum temporale (Lutkenhoner and Steinstrater 1998; Pantev et al. 1995) . This region, posterior and adjacent to Heschl's gyrus, has been identified as nonprimary auditory cortex in histological studies (Galaburda and Sanides 1980; Rivier and Clarke 1997) . The spatial relation between N1 and ASSR sources gives evidence for ASSR originating from medial parts of Heschl's gyrus, which has been identified as primary auditory cortex (Rademacher et al. 2001) . The finding of ASSR sources in primary auditory cortical areas corroborates results of earlier MEG studies in human (Gutschalk et al. 1999; Hari et al. 1989; Makela and Hari 1987) and intracortical and subdural recordings in animals (Eggermont 1997; Franowicz and Barth 1995) . Besides main sources of ASSR in primary auditory cortices likely a wider network of cortical and subcortical generators is involved (Herdman et al. 2002) .
Functional meaning of 40-Hz ASSR
Gamma-band activity in the 40-Hz range has been addressed to perception and cognition (Kaiser and Lutzenberger 2003) . For auditory perception, Herrmann et al. (2004) proposed that early gamma oscillations (before 100 ms) relate to matching the incoming auditory information after sensory encoding and feature integration with the actual contents of a sensory memory and that late gamma activity (between 200 and 300 ms) reflects utilization of the stored memory as well as wide-range communication to coordinate behavioral performance related to the stimulus. Early gamma activity has been observed in specific sensory areas as stimulus locked burst of oscillation (Gruber et al. 2006; Pantev et al. 1991) . Tallon-Baudry and Bertrand (1999) described the later gamma oscillations as not phase locked to the stimulus onset and supported the functional meaning of object representation and maintaining of sensory information. Such a type of gamma-band activity is difficult to record and to separate from background electroencephalogram (EEG) or MEG. The steady-state method overcomes this problem by driving the underlying neural network into a highly synchronized state. Corresponding steady-state responses are phase-locked to the stimulus rhythm and can be separated from noise by signal averaging in time or frequency domain. This approach is consistent with the interpretation of previous findings that the ASSR relates to robust representation of the auditory stimulus Ross et al. 2005b ). Initially, it was thought that the ASSRs are repeatedly superimposed early evoked gamma activity or the middle latency responses (Galambos et al. 1981) . However, several experimental observations were not compatible with this explanation (Ross et al. 2002; Santarelli and Conti 1999) and, likely, the ASSR relates to stimulus synchronized late gamma-band activity.
Specificity of the response to IPD changes
A novel finding was that the IPD change in the stimulus induced a change in the time course of the ASSR and established a new type of auditory-evoked change response. From the observation of decreasing and vanishing ASSR change response with higher stimulus frequency, which parallels behavioral performance in IPD detection, it can be concluded that the ASSR deviation was induced by a perceivable change in the IPD. The stimulus frequency characteristics of the ASSR change response closely matched the previously observed characteristic for the effect on the AEF. Moreover, the effect of aging observed with the AEF could be reproduced with the ASSR change. The alternative explanation-that the ASSR change has been elicited by the physical phase change in the stimulus and this confound could depend in same way on stimulus frequency as the IPD-seems unlikely because the phase change could not be perceived from each monaural sound (Ross et al. 2007b) . Moreover, results of a control condition demonstrated that phase shifts in the stimulus without changing the IPD did not induce an ASSR change response nor did it elicit an AEF.
ASSR change is most reliably expressed as a phase change
The stimulus change induced a change in amplitude and phase of the ASSR. However, the ASSR phase deviation was a more robust measure than the amplitude change. When the overall response decreased with increasing frequency, group mean ASSR phase changes, but no amplitude changes, were visible at higher frequencies. Furthermore, the proportion of response detection in individuals was significantly higher for phase changes than for the amplitude effect. Although the steady state is defined by constant amplitude and phase, phase synchronization characterizes the 40-Hz ASSR better than constant amplitude. Amplitude fluctuations in the ASSR have not been systematically investigated, mainly because the ASSR is commonly analyzed in the frequency domain and the amplitude is integrated over time. Indirect evidence for better characterization of ASSR by its phase properties came from comparisons of data analysis methods, which have often found phase statistics superior over amplitude statistics (Dobie and Wilson 1994; Picton et al. 2001) .
Moreover, the ASSR phase deviation always occurred in the same direction; the stimulus induced a phase lag of ASSR behind the stimulus and a characteristic time course of return into the steady state. In particular, the time course of phase return closely resembled the time course of ASSR phase during the ASSR onset (Ross et al. 2002) , after changes in the periodicity of the stimulus , and induced by an interfering stimulus (Ross et al. 2005b) . The observed time course of ASSR change in the current study is consistent with previous studies. These findings suggest that synchronized oscillations dynamically establish a network for representing current auditory objects. An occasional change in the auditory environment requires updating the internal representation. Thus the existing network configuration has to be dissolved and a new one has to be established. The reset of 40-Hz oscillations may reflect such a dynamic reconfiguration. The amount of phase changes less than /2 was consistent across all studies. A phase transient of /2 is characteristic for the time interval of synchronization of a harmonic oscillator with a loosely coupled driving oscillating force (Rosenblum and Pikovsky 2003) and supports the hypothesis of a stimulusinduced dynamic network reconfiguration. Naatanen and Picton (1987) distinguished two types of auditory change response depending on whether the stimulus changed in level (e.g., a change in loudness from silence to audible sound) or changed in a characteristic feature within ongoing sound (e.g., changing frequency). They proposed that the latter type requires some form of memory and a neural mechanism to compare it with the current sound input. Because the stimulus energy did not change, the ASSR change response reported in this study belongs to the second type of change responses. The involvement of memory is especially compatible with the concept that the ASSR reflects an internal stimulus representation.
ASSR change response
The alternative explanation that the change response was actually an onset response to the new version of the stimulus would be reasonable if the information carried in the acoustical signal before and after the change was processed in separated channels, respectively. Given, for example, the tonotopic organization along the auditory pathway, the response to a sudden frequency step of reasonable size could be explained with switching between frequency channels and the response could be explained as the onset response produced by newly involved resources. The similarity between onset and change responses and between time courses of ASSR deviation after stimulus onset or change would indeed support such a hypothesis.
However, the concept of information channels has been exploited in much deeper detail. A sound object is not defined by just one feature, such as the sound frequency, but consists of multiple properties such as loudness, sound location, timbre, and even more complex information in music and speech sound. A currently discussed concept proposes parallel processing of different sound features in separate pathways, which are differently defined from the physical auditory channels. A prominent example for parallel auditory pathways is the "what and where" dissociation, which was originally established in the visual system (Rauschecker and Tian 2000) .
Sound processing in the current study could be discussed in terms of two pathways. One contained the AM sound, defined by its carrier and modulation frequencies, modulation depth, intensity, and duration, and was perceived as ongoing sound with certain pitch, roughness, and loudness. The other carried location information with two types of percepts, the sound centered in the head or a spacious sound heard with both ears. The rhythm of 40-Hz modulation, carried in one pathway only, evoked the ASSR. The change in location information carried in the second pathway induced the change response. That means a change in the stimulus context, here the spatial information, interfered with the otherwise continuous stimulus and caused the change response. This interpretation extends our previous findings that a concurrent stimulus (Ross et al. 2005b) or change in stimulus rhythm desynchronized the ASSR to a more general concept. This result opens a new field of possible experiments in which the sensory environment would be modified in parallel to ongoing steady-state stimulation and effects of stimulus changes on the steady-state responses would be observed. Future work should address the question whether stimuli in other sensory modalities would interact with the 40-Hz ASSR.
Effects of aging on the ASSR amplitude
The finding that 40-Hz ASSR amplitudes were not significantly affected by aging is consistent with previous reports. However, subject variability is commonly large in such studies and amplitude effects may not reach significance, given the typically small sample size (Picton et al. 2003) . Despite changes in amplitude and latency of N1 responses, Muchnik et al. (1993) found no differences in the ASSR between young (18 -40 yr) and older (60 -77 yr) adults for 500-Hz tone-pip stimuli. An increase in ASSR amplitude during childhood and adolescence had been found in an MEG study with 40-Hz click train stimulation, although amplitudes were constant in adulthood between 25 and 52 yr (Rojas et al. 2006) . A tendency for increased ASSR had been reported by Poulsen et al. (2007) for adults (19 -45 yr) in an EEG study with 40-Hz frequency modulated stimuli. Purcell et al. (2004) reported a tendency for lower ASSR amplitudes in the elderly and suggested that the effect of aging may be more expressed as a shift in the ASSR peak frequency, which was 41 Hz in young and 37 Hz in older adults. Given this shift in best frequency of the ASSR, the choice of 40 Hz in the current study was more optimal for the young than for the older group and smaller responses in the older group could have been observed for this reason. However, this was not the case and it seems that 40-Hz ASSR does not deteriorate with aging.
Consistent with the current results Leigh-Paffenroth and Fowler (2006) found no main effect of age on the 40-Hz ASSR amplitude but an interaction between stimulus frequency and age expressed as better detectable responses at 500 Hz compared with 4,000 Hz in the young but not in the older group. This observation is consistent with the present finding that the negative slope in the characteristics of ASSR amplitude versus stimulus carrier frequency was less expressed in the older than in the younger group. Decreasing ASSR amplitude with increasing carrier frequency, as reported consistently (Galambos et al. 1981; Picton et al. 1987; Rodriguez et al. 1986; Ross et al. 2000) , had been attributed to a larger activation pattern in the cochlea at lower frequencies (Picton et al. 2003) . Thus agingrelated changes in the ASSR frequency characteristic are likely related to changes in the auditory periphery with advancing age.
Characteristic features of the 40-Hz ASSR, such as the right hemispheric dominance and the time constants of the ASSR change, were remarkably reproduced between age groups. This could be interpreted as further evidence against an agingrelated decline in the 40-Hz ASSR-generating neural networks. It had been assumed that the ASSR reflects auditory temporal acuity (Purcell et al. 2004) and it seems that the neural encoding of auditory events on a timescale of tens of milliseconds is not affected by aging.
Effects of aging on IPD detection
Our previously reported results about P1-N1-P2 responses in the same data (Ross et al. 2007a )-showing a physiological threshold for the detection of IPD changes and that this threshold decreased with increasing age-were reproduced based on the ASSR change response. Significant differences in the ASSR phase deviation between the young and middle-aged and between the middle-aged and older groups corroborated the finding that binaural hearing based on IPD is already affected in midlife. The results indicate an aging-related limitation of the frequency range for phase-locked processing at the level of the auditory brain stem. Overall, slightly higher frequency limits were found for the same data, which likely indicates higher sensitivity of the ASSR phase change compared with the AEF. The interpretation of the presently observed age effect is completely in line with the previously reported results based on AEF.
ASSR at rapid stimulus change
The ASSR change response could be successfully demonstrated at a higher stimulation rate of 2.5 IPD changes per second. Detecting the physiological threshold for IPD changes had been shown in a group of young subjects. The reduction of recording time by a factor of 2 and increasing the number of test frequencies from four to six demonstrated the practical usability of the new approach. Response detection using ASSR change responses was superior to response detection based on AEF. However, a fair comparison between AEF and ASSR change response should be based on optimal stimulus timing for each approach, respectively. Such systematic work-studying the characteristic relation between ASSR change response size and rate of stimulus changes-must still be done. Nevertheless, for investigating fast stimulus changes, the ASSR change response could be the right method of choice.
Response asymmetry
Change responses were larger for IPD transition from 0 to 180°than for the reverse direction. This is consistent with a previous finding of 10% larger N1 amplitude for changes from diotic to dichotic sound than for the reverse direction and 10% larger onset N1 for dichotic sound than for the diotic sound . Response asymmetry of same size was previously reported for changes in interaural correlation of a noise stimulus, which induces a similar percept as in the current study, in EEG (Jones et al. 1991) and MEG (Chait et al. 2005) . Chait et al. (2007a,b) provided an interpretation for the response asymmetry as modification of cortical responses by the particular auditory context. Another interpretation would be that two sounds perceived with dichotic stimulation provided a stronger input than one sound perceived in the diotic condition. Importantly, the finding of stimulus asymmetry supports the interpretation that the ASSR change response was specific to the IPD change.
Conclusions
The stimulus-induced temporal dynamics of auditory 40-Hz steady-state responses represents a novel type of auditory response. Practical application has been successfully demonstrated on a study of the effect of aging on processing of interaural phase differences. 
